We revealed the difference in the ice cloud microphysical properties of high clouds between the western Pacific (WP) and eastern Pacific (EP) regions, based on satellite retrievals. The effective particle radius (r e ) was analyzed by using active sensors on board the CloudSat and CALIPSO satellites. We focused on ice clouds, defined as clouds with cloud top temperatures of less than 0°C. These ice clouds are classified into five types defined by the cloud optical thickness (COT). Mean cloud top heights of high cloud in WP were higher than those in EP by about 2km. The r e of optically thin clouds (0 < COT < 0.3) showed weak temperature dependency over both regions. For optically thick clouds (3 < COT), r e increases with temperature (T ). In the WP, r e at lower temperatures (T < −40°C) is larger than that in the EP, whereas in the EP, r e at higher temperatures (T > −40°C) is larger than that in the WP. The difference in r e may be caused by differences in moisture convergence and upward motion.
Introduction
Clouds play a key role in determining the Earth's radiation budget and hydrological cycle, and they constitute a major source of uncertainty in predicting climate change (Stephens et al. 1990; Chen et al. 2000) . In particular, cloud microphysics is important for cloud precipitation processes and radiative properties (Baker 1997) . Most low-and medium-level clouds exert a cooling effect on the Earth by reflecting solar incident radiation owing to their optically thick properties. In contrast, optically thin, high clouds exert a warming effect by blocking outgoing longwave radiation (Liou 1986 ). However, ice cloud radiative properties are poorly understood owing to the complex scattering characteristics of nonspherical particles.
Tropical ice clouds have various hydrometeor properties, such as super-cooled water, randomly oriented ice crystals, and horizontally oriented ice plates. Cloud types in the tropics include subvisual cirrus, anvil clouds, and convection cores. Hong and Liu (2015) examined the global characteristics of ice clouds with a wide range of optical thicknesses and showed that ice clouds frequently appear in tropical deep convection regions. In the present study, we focus on the differences in cloud microphysical properties between the western Pacific (WP) and eastern Pacific (EP) Intertropical Convergence Zone (ITCZ) regions. These regions have different atmospheric conditions because of the difference in sea surface temperature (SST). Previous studies showed that the WP and EP ITCZ regions have different cloud properties and precipitation systems. Cloud-top height in the WP is higher than in the EP, and the extent to which cloud top heights vary is likely related to the SST, SST gradients, mesoscale and large-scale dynamics, and the intensity of convective systems. (e.g., Kubar et al. 2007; Kubar and Hartmann 2008) . These differences may be caused by variations in convective activities over each region. Back and Bretherton (2006) showed that mean vertical pressure velocity profiles in the WP are top-heavy, whereas bottom-heavy convection occurs in the EP. More cooling occurs in cloud radiative forcing in the EP than in the WP (Hartmann et al. 2001) . Hamada et al. (2015) reported a weak dependency between cloudtop height and rain rate in the case of extreme rainfall events from the Tropical Rainfall Measuring Mission observations, and suggested that rain processes, such as warm or cold rain, affect rainfall intensity. To understand the processes of clouds and precipitation further, cloud microphysical properties and these regional differences should be examined. In this work, we analyze the statistical differences in the microphysical properties of clouds, especially ice clouds, between the WP and EP regions.
Data
CloudSat and CALIPSO constitute the Afternoon Satellite Constellation (A-Train), which follows sun-synchronous orbits. The satellites cross the equator northbound at about 1:30 pm local time, within seconds to minutes of each other (Stephens et al. 2002) . This allows near-simultaneous observations of a wide variety of parameters relevant to the Earth's climate. In particular, CloudSat and CALIPSO with active sensors provide the vertical distribution of clouds and aerosols. The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP; Winker et al. 2009 ) with wavelengths of 532 and 1064 nm on board CALIPSO provides aerosol, subvisual cirrus, and thin cirrus vertical profiles from backscattering measurements at altitude-dependent vertical resolutions and footprints (30 m vertically with a 0.075 km cross track × 1.0 km along the track footprint above 8.2 km; 75 m vertically with a 0.075 km cross track × 0.3 km along the track footprint below 8.2 km). Although CALIOP can also detect the top of clouds, it cannot provide the vertical structure of optically thick clouds because of the large attenuation. The Cloud Profiling Radar (CPR; Stephens et al. 2008 ) on board CloudSat is a W-band (94 GHz) radar. It measures radar reflectivity from clouds and provides the vertical structure of optically thick clouds (vertical resolution of 240 m with a 1.4 km cross track × 1.8 km along the track footprint). CPR cannot detect optically thin ice clouds with small ice water content (IWC) where the minimum detectable IWC primarily depends on the effective particle radius (r e ). Generally, CloudSat has difficulty detecting water clouds without drizzle and small, optically thin ice clouds (Hagihara et al. 2014) , although the minimum detectable IWC also depends on particle shape and orientation . However, CALIOP is more sensitive to smaller clouds for the same IWC and it can detect optically thin clouds that are not detected by CloudSat. Therefore, ice clouds with a wide range of optical depths can be investigated by the combined observations of CALIOP and CPR (e.g., Okamoto et al. 2010; Deng et al. 2010; Sato and Okamoto 2011) . There are several products by using a combination of CALIOP and CPR, such as the Cloudsat and CALIPSO Ice Cloud Property Product (2C-ICE; Deng et al. 2010) and Radar and Lidar (DARDAR) product Hogan 2008, 2010 
Differences in ice cloud properties over the WP and EP
First, the annual mean cloud vertical profiles over the ITCZ region are examined. Figure 1 shows that the vertical distribution of all clouds obtained from 2B-GEOPROF-LIDAR over the ITCZ region. There are clear differences of cloud types between the WP and EP regions (Fig. 1a) . In the WP region (red dashed line, Fig. 1a ), high clouds that appear at around 15 km are dominant. In contrast, low clouds with a top height lower than 3 km are dominant in EP region (blue dashed line, Fig. 1a ). Figures 1b, c, d show the vertical distributions of 3D ice, 2D plates, and warm water particles, respectively, obtained from the KU product. Because the KU product is derived from CALIOP, which can provide cloud phases from the cloud top layer to the deeper part of moderately thick cloud layers with optical depth which is smaller than 3.0 (Liu et al. 2005) , the KU product does not distinguish cloud particle types for cloud layers with large optical thicknesses. The frequencies with which 3D ice and 2D plates occur in WP are larger than those in EP. Warm water particles frequently appear in EP compared with WP. The vertical distribution of 3D ice (Fig.  1b) also indicates that the cloud top height in EP is slightly lower than that in WP due to difference in convective activities.
Cloud optical thickness (COT) is calculated from the retrieved extinction coefficient derived from 2C-ICE product. Figure 2 shows a normalized histogram of ice COT over the WP (red line) and EP (blue line) regions and the histogram of global COT. Optically thin clouds are usually related to non-precipitating clouds, whereas those with large optical thickness may be associated with precipitation (Hong and Liu 2015) . Figure 2 shows that optically thicker (10 < COT) clouds frequently appear over two tropical Pacific regions compared with the histogram of global COT. The mean COTs in the WP, EP, and global regions are 2.70, 2.31, and 1.23, respectively. The mean COT in WP is slightly larger than that in EP, probably because of the stronger convection in WP.
COT is an important factor in determining radiative properties. We used COT as an indicator for the five cloud types (Table 2 ) (Sassen and Cho 1992; Hong and Liu 2015) . Optically thin cloud types are classified as subvisual cirrus (0 < COT < 0.03), thin cirrus (0.03 < COT < 0.3), or cirrus (0.3 < COT < 3). Optically thick clouds are classified as thick cloud (3 < COT < 20) or very thick cloud (20 < COT). The uncertainties of COT are caused by the non-sphericity of ice particles, the orientation and treatment of multiple scattering , and by the assumption that radar or lidar only detects cloud regions (Sato and Okamoto cloud microphysical properties including the r e , IWC, and extinction coefficient (k ext ). Deng et al. (2013) showed that 2C-ICE and DARDAR are typically in close agreement, however, the use of parameterized radar signals in 2C-ICE algorithm provides better correlation of 2C-ICE with in situ-measured r e than DARDAR r e . This study mainly focused on the vertical distribution of ice particle effective radius, so that we choose to use 2C-ICE product.
2C-ICE product is derived from a combination of measured radar reflectivity factor from the CPR 2B-GEOPROF product (Marchand et al. 2008 ) and the measured attenuated backscattering coefficients at 532 nm from CALIOP to constrain the ice cloud retrieval more tightly than the radar-only product, and to generate results that are more accurate. Effective particle radius, IWC, and k ext are estimated based on an optimization method (Deng et al. 2010) . The retrieved variables have a horizontal resolution of a 1.4 km cross track 1.8 km along the track footprint and a vertical resolution of 240 m. The uncertainty of IWC is estimated to be around 30% based on the counter flow virtual impactor and twodimensional (2D) stereo probe in situ measurements (Deng et al. 2013) , and the uncertainty for r e is similar. We used another CloudSat product, 2B-GEOPROF-LIDAR (Mace et al. 2009 ), that combines data from CPR and CALIOP. Macrophysical properties of clouds are provided by the 2B-GEOPROF-LIDAR product, including cloud top height, cloud base height, and geometric thickness.
To evaluate the cloud particle phase, we used the KU dataset from the Kyushu University product (Yoshida et al. 2010 ). This dataset is derived only from CALIOP. The cloud particle phase is determined from a 2D diagram with the logarithm of the ratio of the two successive backscattering coefficients and the depolarization ratio at 532 nm. The cloud particle type is provided for each cloud layer with vertical and horizontal resolutions of 240 m and 1.1 km, respectively. The cloud particles are classified as warm water, super-cooled water, randomly oriented ice crystals (3D ice), horizontally oriented ice plate (2D plate), a mixture of 3D ice and 2D plate, unknown 1, and unknown 2.
To evaluate the meteorological conditions that affect cloud microphysical properties, we analyzed the vertical pressure velocity and moisture convergence from the Modern Era-Retrospective Analysis for Research and Applications (MERRA) dataset (Rienecker et al. 2011) . MERRA data consists of extensive 3D three-hourly atmospheric diagnostics on 42 pressure levels and the data has coarser resolution (1.25°).
The analysis was performed for 2007 in the ITCZ, which was divided into two regions. One is the WP warm pool region, defined as 120°E to 150°E, the other is the EP ITCZ, defined as 210°E to 260°E. On the basis of the SST distribution for the three months mean derived from AMSR-E dataset which also constitutes the A-train, we defined the width of the ITCZ where SST is greater than 26°C. The widths of ITCZ were determined as 1.25°N to 11.25°N, 5°N to 15°N, 6.25°N to 16.25°N, and 2.5°N Table 2 also shows numbers of cloud occurrence for five types in the WP and EP. In both regions, optically thin clouds (COT < 3) more frequently appear than optically thick clouds (COT > 3). Hereafter, we statistically analyzed ice cloud properties according to the five types.
The structure of ice clouds, such as vertical distribution of cloud microphysical properties, is more complex than that of liquid water clouds. Ice particles are formed by various processes, such as deposition nucleation, contact nucleation, and freezing nucleation, and the particles grow by processes such as condensation, coagulation, aggregation, and riming. The microphysical properties of ice clouds are closely related to meteorological conditions, such as temperature, stability, turbulent kinetic energy, vertical motion, and humidity (Field 1999; Heymsfield and Miloshevich 1995; Garrett et al. 2005; Ansmann et al. 2009) . Figure 3 shows the contoured frequency by temperature diagrams (CFED) that were introduced by Hashino et al. (2013) for the r e derived from 2C-ICE product for five COT types. Ou and Liou. (1995) showed that r e becomes large with an increase in temperature (T ), so that we assumed that r e is a monotonic increasing function of temperature (r e = aT + b; where T is temperature, a and b are coefficients). The linear least-square fits of mean r e at each temperature-level were indicated by white solid line in Figs.  3a, b, c, d , e, f, g, h, i, j. These coefficients are shown in Table 3 . First, in both the WP and EP regions, the effective radius depends weakly on the temperature for optically very thin clouds (type 1 ;  Figs. 3a, f ) . By comparison between the WP and EP regions, optically thin clouds (type1, type2, and type3; Figs. 3a, b, c, f, g, h) in EP frequently appear at higher temperature zone than that in WP (Figs. 3k, l, m) ; therefore, temperature where optically thin clouds frequently appear in EP is higher than that in WP. When COT is larger than 0.3, r e becomes larger as COT increases (type3 to type 5; Figs. 3c, d, e, h, i, j) . For thick clouds (type 4; Figs. 3d, i), frequencies of cloud particles are almost the same from the top to the bottom of the ice cloud layer, and the cloud particle size increases with temperature, which is consistent with Ou and Liou (1995) . For very thick clouds (type 5; Figs. 3e, j) , large cloud particles are concentrated in a layer just above the freezing level (0°C). The mean value of r e at low temperature (T < −40 °C) in the WP is larger than that in the EP, however, mean value of r e at higher temperature (T > −40°C) in EP is larger than that in WP (Figs.  3n, o) . The general properties for optically thick cloud in Fig. 3 are consistent with the results from the airborne measurements, which show that small droxtals are abundant in the cloud top and larger aggregates are present at the cloud base (Field 1999; Heymsfield and Miloshevich 1995; Lawson et al. 2006) . In the WP, r e at very low temperature zone (T < −70°C) for thick clouds is smaller than that for very thin clouds. Convection in optically thick clouds is stronger than in thin clouds; therefore, ice particles in thick cloud grow more because coalescence increases. From Table 3 , a growth rate of r e with temperature (coefficients; a) increases with an increase in COT. This feature is common between the WP and EP regions and indicates that vertical structure of ice cloud becomes more inhomogeneous as COT increases. Ham et al. (2013) also show that vertical profiles of r e become more inhomogeneous with an increase in cloud geometric thickness.
Summary
Our results show that there are differences in the cloud types and difference temperature dependency of r e for each COT types between the WP and EP regions. There are different occurrence frequencies of 3D ice, 2D plates, and warm water particles between the WP and EP. The frequencies of 3D-ice clouds at high levels are dominant in the WP, whereas a large fraction of warm cloud appears frequently at low levels in the EP. Ice clouds are classified into five types based on the COT. The CFED of the r e for each COT type showed a weak temperature dependency of r e for optically thin cloud (0 < COT < 0.3). However, r e increases with temperature, and large cloud particles are concentrated in the lower parts of optically thick cloud (3 < COT). For optically thin cloud, r e at low temperature is larger than for thick cloud. We propose that the difference in r e affects the growth owing to convective activities. In the WP, r e in the upper part of thick cloud is larger than that in EP, whereas that in the middle of the cloud in the EP is larger than that in WP. These might be caused by difference in the conditions of updraft intensity for each type. Climatology of vertical pressure-velocity (ω) and moisture flux convergence (-div(Q)) are shown in Fig. 4 derived from MERRA reanalysis datasets. Differences in mean ice cloud top height are also caused by differences in vertical pressure-velocity between WP and EP, which is consistent with the findings of Back and Bretherton (2006) . To understand the relationship between cloud microphysics and atmospheric dynamics more clearly, we should examine the conditions in various cloud types in greater detail. 
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